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(57) ABSTRACT

A system that 1s capable of monitoring tribological data, such
as Iriction, 1n a data storage device. In accordance with vari-
ous embodiments, a magnetoresistive head 1s separated from
a rotating data storage media by an air bearing and attached to
a slider that 1s adjusted through deformation controlled by a
heating element. A measurement circuit concurrently moni-
tors friction from the head and power applied to the heating
clement to determine an MR head clearance. The measure-
ment circuit includes at least a phase filter that eliminates
off-phase friction from contributing to the determination of
the MR head clearance.

20 Claims, 4 Drawing Sheets
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TRIBOLOGICAL MONITORING OF A DATA
STORAGE DEVICE

SUMMARY

Various embodiments of the present invention are gener-
ally directed to a system that 1s capable of monitoring tribo-
logical data, such as friction, 1n a data storage device.

In accordance with various embodiments, a magnetoresis-
tive head 1s separated from a rotating data storage media by an
air bearing and attached to a slider that i1s adjusted through
deformation controlled by a heating element. A measurement
circuit concurrently monitors friction from the head and
power applied to the heating element to determine an MR
head clearance. The measurement circuit includes at least a
phase filter that eliminates off-phase friction from contribut-
ing to the determination of the MR head clearance.

These and other features and advantages which character-
1ze the various embodiments of the present invention can be
understood 1n view of the following detailed discussion and
the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 generally provides of an exemplary data storage
device.

FIG. 2 1s a perspective view of an exemplary portion of a
data storage device.

FIG. 3 shows a block representation of an exemplary data
storage device as constructed and operated in accordance
with various embodiments of the present invention.

FIG. 4 plots exemplary tribological data obtained during
the operation of a data storage device.

FIG. 5A-3B provides various graphs of exemplary tribo-
logical data as recewved and computed by a measurement
circuit in accordance with various embodiments.

FIG. 6 plots exemplary variations in phase filtering of
tribological data.

FIGS. 7A-7TB graph exemplary performance data with
various measurement circuit configurations.

FIG. 8 provides a flowchart mapping an exemplary tribo-
logical monitoring routine conducted 1in accordance with
various embodiments of the present invention.

DETAILED DESCRIPTION

The present disclosure generally relates to a tribological
data system that uses a measurement circuit to obtain and
accurately predict the position of a magnetoresistive (MR)
head 1n relation to a corresponding rotatable data media. An
increasing demand for higher data capacity has placed added
emphasis on the amount of data written to a data storage
media, which consequently results 1n a reduction in the size of
data bits and component tolerances. One such reduced com-
ponent tolerance 1s the air bearing that separates a rotating,
data media from the MR head. During routine operation, the
air bearing can suddenly and dramatically change so that the
head contacts the data media with traumatic results. Routine
operation 1s further complicated by the use of a heating ele-
ment that adjusts the head clearance from the data media.

Accordingly, various embodiments of the present iven-
tion are generally directed to a measurement circuit that con-
tinuously monitors power applied to a heating element and
friction between the head and rotatable data media to deter-
mine an MR head clearance using heating element induced
contact as an indication that the head has touched the data
media. The concurrent monitoring of the heating element and
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friction with at least a phase filter that eliminates unwanted
olf-phase friction measurements allows for quick and precise
prediction of prior and future heating element induced con-
tact between the head and data media due to the air bearing
s1ze crossing critical threshold values.

While a measurement circuit can be used 1n a variety of
non-limiting applications, FI1G. 1 provides an exemplary data
storage device 100 that 1s capable of utilizing the measure-
ment circuit to monitor friction, heating element power, and
heating element induced contact to predict current and future
MR head clearance and air bearing sizes. The device 100 1s
provided to show an exemplary environment in which various
embodiments of the present invention can be advantageously
practiced. It will be understood, however, that the claimed
subject matter 1s not so limaited.

The device 100 includes a substantially sealed housing 102
formed from a base deck 104 and top cover 106. An internally
disposed spindle motor 108 1s configured to rotate a number
of storage media 110. The media 110 are accessed by a
corresponding array of data transducers that are each sup-
ported by a head gimbal assembly (HGA) 112. Each HGA
112 can be supported by a head-stack assembly 114 (*actua-
tor””) that includes a flexible suspension 116, which in turn 1s
supported by a rigid actuator arm 118. The actuator 114
preferably pivots about a cartridge bearing assembly 120
through application of current to a voice coil motor (VCM)
122.

In this way, controlled operation of the VCM 122 causes
the transducers 124 of the HGA 112 to align with tracks (not
shown) defined on the media surfaces to store data thereto or
retrieve data therefrom. An ability to decrease the width of the
tracks while maintaining proper alignment of the transducers
124 can be accomplished by decreasing the operational width
of at least one transducing magnetic element. Thus, the device
100 can have increased capacity through the incorporation of
transducing elements with reduced operational width which
corresponds to a finer areal resolution.

An exemplary data transducing portion 130 of the data
storage device 100 of FIG. 1 1s displayed in FIG. 2. The
transducing portion 130 has an actuating assembly 132 with a
heating element 134 that positions a transducing head 136 a
predetermined distance over a magnetic storage media 138 to
allow the storing of data bits 140. The storage media 138 1s
attached to a spindle motor 142 that rotates during use and
operates 1n conjunction with the heating element 134 to pro-
duce an air bearing 144 on which a slider portion 146 of the
actuating assembly 132 tlies to position a head gimbal assem-
bly (HGA) 148, which includes the transducing head 136,
over a desired portion of the media 138 at a predetermined
height.

The transducing head 136 can include one or more trans-
ducing elements, such as a magnetic writer and magnetically
responsive reader, which operate to program and read data
from the storage media 138, respectively. As a result, con-
trolled motion of the actuating assembly 132 causes the trans-
ducers to align with tracks (not shown) defined on the storage
media surfaces to write, read, and rewrite data. The transduc-
ing head 136 can turther include at least one probe 149, such
as a high sensitivity capacitance probe and force gage, which
senses actuating assembly 132 performance characteristics,
such as friction, speed, and slider deformation. In operation,
the reduction 1n data bit size that corresponds with smaller
actuating assembly 132 form factor and friction measure-
ments can induce data access 1mnaccuracies as the air bearing
inadvertently becomes too big or small.

In view of the susceptibility of air bearing volatility, the
actuating assembly 132 can be constantly monitored for both
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head friction and heating element 134 power to determine 11
the air bearing 1s currently or has previously passed an opera-
tional size threshold. A precise determination that the air
bearing 1s outside of desired operating parameters can allow
for enhanced accuracy through adjustment of the heating
clement 134 and subsequent re-access to data bits that were
passed while the air bearing was out of the desired operating,
size. The monitoring of performance data and continuous
determination of the size of the air bearing can be done 1n a
variety of manners, one of which 1s the use of a measurement
circuit, as generally illustrated 1n FIG. 3.

In FIG. 3, a functional block representation of a portion of
an exemplary data storage device 150 1s displayed as con-
structed and operated in accordance with various embodi-
ments of the present invention. Top level control of the device
150 1s carried out by a suitable controller 152, which may be
a programmable or hardware based microcontroller. The con-
troller 152 commumnicates with a host device via a controller
interface (I'F) circuit 154 and provides access to and from
data on a corresponding data storage media, such as media
156. The controller 152 can further manage the physical
positioning of a transducing head 158 and testing probe 160,
either simultaneously or independently, by adjusting the
amount of power recerved by the heating element 162 and the
rotational speed of the data media 156, such as through con-
trol of a VCM as described above.

The controller 152 and controller interface 154 can provide
a measurement circuit 164 with performance data from the
head 158, testing probe 160, and heating element 162 that
allows for calculation of the air bearing between the head 158
and the data media 156. While the measurement circuit 164
can include any number of components or utilize external
components, such as a central processing unit (CPU) and
random access memory (RAM), the measurement circuit 164
allows for the continuous monitoring of performance data
that includes at least friction between the head 1358 and media
156 as well as the power applied to the heating element 162.

Such continuous monitoring of performance data proceeds
to pass through a phase filter 166 to ensure that the friction
and heating element power measurements are i-phase. The
monitored performance data can be 1nitially or subsequently
stored 1n local memory 168 after passing through the phase
filter 166 to be used as a reference for predicting future MR
head clearance.

The measurement circuit 166 can locally interpret the per-
formance data with a processing circuit 170 to determine the
s1ze of the air bearing and position of the head 158 relative to
the data media 156. In some embodiments, both performance
and programmed data, such as data bits 140 of FIG. 2, are
simultaneously processed by the measurement circuit 164 as
performance data 1s computed by the processing circuit 170
and programmed logical state data from the media 156 is
translated into programmed binary code by the read/write
(R/W) channel 172.

The ability to interpret and control both physical perior-
mance and programmed data from the head 158 with the
measurement circuit 164 provides enhanced data accuracy as
the size of the air bearing 1s continuously related to the pro-
grammed data received by the R/W channel 172. However, 1t
should be noted that such advantageous use of the measure-
ment circuit 164 can be utilized with the processing circuit
170, local memory 168, and R/W channel 172 being posi-
tioned elsewhere 1n the device 150 and controlled by various
other components of the device 150.

As the data storage device 150 operates, the head 158,
heating element 162, and testing probe 160 will produce
performance data that can be graphed and interpreted by the
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measurement circuit 164. A graph of exemplary performance
data 1s provided in FIG. 4, which 1illustrates an optimized
tribological curve, as represented by solid line 180, and an
undesired tribological curve, as represented by segmented
line 182. As shown, the optimized curve 180 1s smooth as
measured Iriction predictably increases as heater power 1s
applied to deform the slider, such as slider 146 of FI1G. 2, and
reduce the air bearing size to the point of head contact with the
data media. The shape and continuity of the optimized curve
180 allows the measurement circuit to very precisely deter-
mine where the transducing head 1s in relation to the data
media.

In contrast to the optimized curve, the undesired curve 182
has large volatile movements that taint any ability to precisely
determine the size of the air bearing. That 1s, the “hump”
corresponding to low heating element power could be inter-
preted as a past or future contact between the head and data
media and result 1n improper heating element settings and
incorrect clearance for read/write operations. In some
embodiments, the optimized curve 180 maintains a friction
force below a threshold, such as 1 mgf, until the heating
clement receives enough power to deform the shider and
adjust the air bearing. Other embodiments configure the opti-
mized curve 180 so that friction remains below a threshold
until the heater deforms to the point of contacting the head
with the data media. By setting such threshold values, the size
of the air bearing can be precisely momitored and an optimal
head position can be maintained that allows for the efficient
transter of high density data from the data media.

FIGS. SA & 5B graph separate performance data that 1llus-
trates both friction and phase measurements to determine the
MR head clearance associated with the air bearing size. FIG.
5A provides an undesired tribological curve 190 that includes
an mcreased friction hump 192 corresponding with low heat-
ing element power. A portion of the undesired curve 190 1s
plotted as a bar graph in FIG. 5B with friction (solid bound-
ary) and heating element power (segmented boundary) mea-
surements over time.

A review of the temporal differences shown in FIG. 5B
illustrate the unwanted hump 192 of FIG. 5A corresponds
with friction and heating element power measurements that
are out of phase. That 1s, the performance data received by a
measurement circuit will arrive at different times due to the
beginning and ending of the respective iriction and power
measurements not coinciding. It can be observed that the
hump 192 occurs when the performance measurements are
out of phase, but disappears and the undesired curve 190
matches the optimal curve of FIG. 4 when the measurements
match 1n both beginning and ending times, as displayed by
bar graph section 194.

When the performance data 1s out of phase, various 1ssues
plague the determination of head contact with the data media
that cannot be quickly remedied while the data storage device
1s 1n operation. Further complicating the determination of the
MR head clearance occurs when the friction and power mea-
surements are different durations, as displayed by bar 196.
However, when the measurement circuit, such as circuit 164
of FIG. 3, includes a phase filter, off-phase measurements can
be eliminated. Such a phase filter can allow any off-phase
friction measurements to be allocated to head interactions
other than with the disk, such as windage and debris. These
off-phase measurements can then be compensated for by the
air bearing self-compensation techniques.

Theuses of aphase filter to eliminate off-phase tribological
performance measurements allow for an improvement over
friction determinations using a lock-in method. For example,
a lock-in method makes friction measurements relative as
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merely the difference in friction when the heating element 1s
on versus when 1t 1s ofl. Such relative measurement does not
allow for continuous measurement and determination of heat-
ing element induced contact as the heating element 1s pow-
ered and deformed, but not yet fully on or off. The lock-1n
method further fails to allow for phase compensation with a
phase filter due to the combination of friction and power
measurements resulting i incorrect friction measurements
and MR head clearance determinations, which results in unre-
liable head positioning and a lack of accurate compensation
options.

Configuring a measurement circuit with a phase filter fur-
ther allows for concurrent operation of the head for data
access and adjustment of the heating element power to pro-
vide an optimal head clearance. With higher density data
storage media, the ability to maintain the head at an optimal
height, such as a few nanometers, provides numerous opera-
tional enhancements that include at least data access reliabil-
ity and speed. In contrast, the use of the lock-in method
requires an evaluation of friction when the heater 1s fully on
and off, which eliminates the ability to continuously deter-
mine heating element induced contact and air bearing size. As
such, a phase filter provides continuous air bearing monitor-
ing that allows for proactive prediction and correction of the
head clearance becoming too big or small while the MR head
conducts normal data access operations.

The operation of the measurement circuit with a phase
filter allows the adjustment and optimization of performance
data monitoring to provide the most accurate MR head clear-
ance determinations by conducting multiple order phase {il-
tering. FI1G. 6 displays exemplary phase filter operations 1n a
variety of different orders. A first order filter operation, as
shown by segmented line 200, illustrates how phase 1s gradu-
ally narrowed to a particular zero or non-zero degree, 1n this
case 0_ which corresponds to system delay that can include at
least flexure beam delay, heating element time constant, and
cabling delay. When the first order data i1s again passed
through the phase filter, a more abrupt phase curve 202 illus-
trates the improvement 1n combining both performance mea-
surements 1nto a more homogeneous phase. In yet another
pass through the phase filter, as shown by curve 204, the phase
more quickly approaches the particular degree as an 1ndica-
tion that the performance measurements are more 1n phase.

The use of such multiple order phase filtering can allow a
measurement circuit to be configured with desired accuracy
at the cost of head clearance determination speed. That 1s, a
measurement circuit can be configured to have a high level of
accuracy, multiple order filtering, but may experience a slow-
ing of the calculation of the air bearing size and MR head
clearance. In this way, the degree to which future head contact
with the data media can be predicted can be modified by
adjusting the accuracy of the i-phase performance friction
and power measurements.

FIGS. 7A and 7B graph the use of multiple order phase
filtering 1n reducing the premature hump in a tribological
curve. In FIG. 7A, a series of exemplary off-phase pertor-
mance measurements correlate with the drastic hump shown
in the first tribological curve 210. As can be appreciated, the
hump of curve 210 can hamper the operation of a close
tolerance data storage device by minimizing the time the head
spends at 1ts optimal height as a result of unnecessary heating
clement adjustments. Such adjustments can cause the head to
inaccurately access data and degrade the data media through
repeated head contact occurrences.

As discussed above, the use of first order phase filtering can
reduce the hump 1n the tribological curve and make the deter-
mination of the position of the head much more accurate.
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However, first order filtering, as displayed by curve 212 of
FIG. 7A, may not provide enough accuracy to maintain tight
head tolerances. Accordingly, multiple additional filter passes
can further minimize the hump as off-phase measurements
are eliminated and compensated as in-phase measurements
are utilized in calculating the head clearance corresponding to
the air bearing size. F1G. 7B plots the further improved accu-
racy of the tribological curves 214 and 216 after a successive
number of phase filter passes. As a result, a nearly unrecog-
nizable hump 1s present as curve 216 closely follows the
optimal tribological curve shown in FIG. 4.

FIG. 8 provides an exemplary tribological monitoring rou-
tine 220 conducted 1n accordance with various embodiments
of the present invention. The routine 220 begins by providing
an MR head separated from a data storage media by an air
bearing 1n step 222. The head may be constructed with a
testing probe that can provide measured performance data,
such as friction and strain, to a measurement circuit. The head

1s connected to a slider that allows for tlight of the MR head
over the data storage media on the air bearing. The slider 1s
selectively adjusted with a heating element that 1s provided in
step 224 and heats with applied power to deform the slider
and modily the head clearance.

Step 226 provides a measurement circuit that concurrently
monitors performance measurements from the testing probe
and the heating element while data access operations are
being conducted. That 1s, the measurement circuit monitors
the normal operation of the MR head that can include data
programming and reading to determine the position of the
MR head without having to delay scheduled data accesses or
place the data storage device 1n an exclusive testing mode.
This normal operation 1s monitored in step 228 while passing
the performance measurements through a phase filter to
ensure Iriction and heating element power are in-phase for
maximum accuracy.

The filtered performance data 1s then calculated 1n step 230
to determine the MR head clearance as function of the air
bearing size. In the event a threshold friction measurement 1s
crossed, the measurement circuit can adjust the heating ele-
ment power to precisely position the MR head at a predeter-
mined optimal height above the data storage media. The
measurement circuit can further use the filtered performance
data to proactively predict MR head clearance using various
diagnostic tools 1n step 232, such as but not limited to trend
analysis, standard deviation, and moving averages. Such pre-
diction of future MR head clearance can be done 1indepen-
dently or in conjunction with determining the present air
bearing size and MR head clearance in step 230.

With the MR head clearance determined 1n step 230, the
routine 220 evaluates whether or not to adjust the heating
clement 1n decision 234. Adjustment of the heating element
can be done for routine testing, evaluation, and optimization
of the MR head height 1n events where undue stress, such as
overheating and physical shock, have potentially moved the
MR head or slider inadvertently. A decision to adjust the
heating element advances the routine 220 to step 236 where
power 1s either increased or decreased depending on the cur-
rent size ol the air bearing and the desired MR head position.

If no heating element adjustment 1s desired from decision
234 or after the conclusion of a heating element adjustment 1n
step 236, the routine 220 returns to the concurrent monitoring,
of performance measurements in step 228. Through the rou-
tine 220, the size of the air bearing 1s determined and pre-
dicted with enhanced accuracy due to phase filtering. How-
ever, the routine 220 1s not required or limited as the various
decisions and steps can be omitted, changed, and added. For
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example, prediction of future MR head clearance in step 232
can be omitted while multi-order phase filtering 1s included.

It can be appreciated that the configuration and operational
characteristics of the measurement circuit described in the
present disclosure allows for advantageous MR head opera-
tion 1n high data bit density application through the increased
measurement accuracy supplied by phase filtering. Such
enhanced MR head operation improves data reliability and
speed as the air bearing 1s maintained at an optimal size.
Moreover, the concurrent measurement of friction to deter-
mine MR head clearance allows for use while the MR head
conducts normal data access functions and proactive predic-
tion of future MR head clearance adjustments that maintain
the MR head at the optimal height above a corresponding data
media. In addition, while the embodiments have been
directed to magnetic sensing, it will be appreciated that the
claimed subject matter can readily be utilized in any number
of other applications, including data storage device applica-
tions.

It 1s to be understood that even though numerous charac-
teristics and advantages of various embodiments of the
present invention have been set forth in the foregoing descrip-
tion, together with details of the structure and function of
various embodiments, this detailed description 1s illustrative
only, and changes may be made 1n detail, especially in matters
of structure and arrangements of parts within the principles of
the present invention to the full extent indicated by the broad
general meaning of the terms in which the appended claims
are expressed. For example, the particular elements may vary
depending on the particular application without departing
from the spirit and scope of the present mnvention.

What 1s claimed 1s:

1. An apparatus comprising:

a magnetoresisttve (MR) head separated from a rotating,
data storage media by an air bearing and attached to a
slider;

a heating element capable of adjusting the air bearing by
deforming the slider; and

a measurement circuit that concurrently monitors friction
from the MR head and power applied to the heating
element to determine an MR head clearance, the mea-
surement circuit icluding at least a phase filter that
climinates off-phase friction from contributing to the
determination of the MR head clearance.

2. The apparatus of claim 1, wherein a testing probe 1s
attached to the MR head and detects friction between the MR
head and rotating data storage media.

3. The apparatus of claim 2, wherein the testing probe 1s a
high sensitivity capacitance probe.

4. The apparatus of claim 1, wherein the measurement
circuit has a read/write channel to allow data accesses from
the rotatable data storage media by the MR head.

5. The apparatus of claim 1, wherein the friction from the
MR head and power applied to the heating element are 1n
different phases.

6. The apparatus of claim 1, wherein the phase filter 1s
capable of multiple order filtering.
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7. The apparatus of claam 1, wherein the phase filter
reduces the friction from the MR head and the power applied

to the heating element to a non-zero degree.

8. The apparatus of claim 1, wherein the heating element 1s
adjusted 1n response to a physical shock.
9. The apparatus of claim 1, wherein the heating element 1s
adjusted 1n response to an overheating event.
10. A method comprising:
providing a magnetoresistive (IMR) head separated from a
rotating data storage media by an air bearing and
attached to a slider;
adjusting the air bearing with a heating element that
deforms the slider; and
monitoring iriction from the MR head concurrently with
power applied to the heating element with a measure-
ment circuit to determine the size of the air bearing, the
measurement circuit including at least a phase filter that
climinates off-phase friction from contributing to the

determination of the air bearing size.

11. The method of claim 10, wherein the monitoring step 1s
conducted in conjunction with the MR head accessing data
from the rotating data storage media.

12. The method of claim 10, wherein the friction from the
MR head and the power apphed to the heating element are out

of phase.

13. The method of claim 12, wherein the out of phase
friction and power correspond to an inflated friction value.

14. The method of claim 13, wherein the inflated friction
value surpasses an air bearing size threshold and triggers
modification of the power applied to the heating element.

15. The method of claim 10, wherein the friction from the
MR head and power applied to the heating element are passed
through the phase filter to arrive at a predetermined phase
degree.

16. The method of claim 15, wherein the friction and power
are passed through the phase filter multiple successive times,
cach pass enhancing the accuracy of the friction and air bear-
Ing size.

17. The method of claim 10, wherein the air bearing 1s
adjusted and maintained 1n a predetermined optimal size.

18. A method of providing a magnetoresistive (MR ) head
separated from a rotating data storage media by an air bearing
and attached to a slider, adjusting the air bearing with a
heating element that deforms the slider, monitoring friction
from the MR head concurrently with power applied to the
heating element with a measurement circuit to determine an
MR head clearance, the measurement circuit including at
least a phase filter that eliminates off-phase friction from
contributing to the determination of the MR head clearance,
and predicting future MR head contact with the rotating data
media.

19. The method of claim 18, wherein analysis of a tribo-
logical curve indicates MR head contact with the rotating
media 1s likely.

20. The method of claim 18, wherein the friction from the
MR head and power applied to the heating element are passed
through the phase filter multiple times to 1ncrease the accu-
racy of the predicting step.
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